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A COMPREHENSIVE X-KAY SYEC'I'KAI, CODE 
FOR HIGH ENERGY AS'L'ROI'HYSICS 

The aim o f  this project has  bccn t o  t lcvcloli :I s~iccLi-~i1 analysis tool \ v i t h  ;I Ie\cl o1 qu:ility and complctcncss 
coninicnsuratc t o  that cxpectcd in dat:i from tlic cui-I-ciit gcncration ol' X-ray ohsei-vatoi-ics. The code i s  called 

LSSS ( Livcrmore S-Ray Spectral Synthesizer). X-ray-cmittiny astrophysical p lnsmas a1-c rarely. i t  cvcr. iii 
LTE. so \vc have ;idopted the detailed level nccounting qiproach. i n  which rxes lor processes thnl populate o r  

depopulate atomic cnc rg  levcls :ire ti-eatcci expl ic i l ly .  This critails the gencratiori of ;I Iiirse quantity o f  

:itoiiiic data. niost of \v h I C  h is calcii I Litcd us i i i  y " i n- Iioiisc" co i i i  p utc r codes. C a1 c ti I at I 011 s ai-c tic ii ch ni ;irked 

ay;iinst lahorator! data. and spcctral models havc heen used to pi-ovidc tir>t-tinic i i i tci-l) i-et;it iot)s 01 
astrophysical X-ray spcctra. The dcsign 01' :I versatile graphic:il uscr interlace t h a t  :illows ;iccess to and 
manipulation of the atomic databasc coiiipinscs Uic sccond major part 01' tlic project. 

1. THE NEW GENERATION OF X-RAY OBSERVATORIES 

The international commitment to advancing the field of X-ray astronomy is evidenced hy  the recent launches of 
NASA's CIifiridrx X - r q  Uhser-~wror-y (Aug 1999) and the European Space Agency's X - R o y  Mi//ri-Mir-ror Mi.s.sio/i 
( X M M :  Dec 1999). Unfortunately, a third major mission, Astr-o-E. a cooperati\ e effort hy Japan and the U.S.. failed 

to nchiele orbit. The simultaneous deployment of two facility-class X-ra! utellites. comprising several hillioii 
dollai-s ot' space hardware. heralds a potential irevolution in the field. 

The in i s s i (1 t i  object i ve s CI f C/imdr-o. an d X M M are p i-edo m i n a t i  t I y spec t r o w 1 p  ic : the !, c:irI y spec t r o  in e te I-s t hat. 
comhinecl. cover the 1-160 A hand. with large collecting :weas (hundreds of square centimeters) and high spectral 
resol \ i tig po\\.ers ( A/Aii of se\.eral hit ndi-ed ) . These mi ssio t i s  thus offer asti-o nomers and ;is t ro ph y s icis t s  the i 1- t i n t  
o p port ti n i t  ! t o  ohta i t i  h i g h -q ual i t y X- I-a y s pec t tu from est t -aso  lar  X-riiy s o  UI-ces . \i'i t t i  the i r projected t e ti- y ear 
lifetime>. thousnncls of X-ra!, datasets \+fill he generated. representing a l m o s t  ?\cry cl:i\s of  celestial ohject: s t c I I x  

corot ix .  \tipei-iio\ :I I-emtiants. noi-mal galaxies. clu\ters o f  yalaxies. u hire dn : i l - t<.  neutl-on s i x > .  and hlack hole!,. 1\11 

i inclei-\t~iiiclii ig of spectral formation l e d s  to ;in undci-st;mding of' the soi i i -ce ph! xiL.5. 

2 .  ASTROPI 1YSICA I, X-RAY LINE SI'ECTROSCOPY A\NI> SPECTK.\ L SYNTHESIS 
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hroirght to us hy the previous niiijot- X-ray m i s s i o n .  the / \ r / i ~ t r i r c ~ e t /  Strtr//ircJ ,fit,- Co.srrro/ogy m r /  A.ctr-rt / ' lr ! , .vic, .s (ASCA: 
launched in  1903). which was a joint effort of J:ipai i  and tlie 1J.S. Even though the CCD spectrometers nhoarcl ASCA 
lacked t h e  high i-esol\,ing po\\ers of C/rtrrit/r-tr and XMM. i t  hecanie evident t h a t  the theoretical tools a\ailahle for  
spectroscopic ar ia l ys i s  \\ere not  up to tlie ti15k. 

Theoretical models of  X-ray linr 5pectr;i ;ire gciieriitccl hy computei~ codes called . s / w ~ ~ r u ~ /  .syrrt/ic,\/r c.ot/c.$ (SSc 's) .  

which pr-o\,ide tlie iiie;ins to translate ohservccl specti-a into statements of tlie soi~t-ce physics. In essence. mi SSC' 

:i~Io\vs ;iccrss to and manipulation o f  one 01. more clatahases contuining atomic quantities. The atomic clriantitics 
cons is t  o f  energy level  structure. radiative decay t-ales. collisional excitation I-ates. pliotoionizatioii cross-sections. 
and so toi-th. This information i b  used to calculate level population disti-ihutions for each ion ;it :I given temperature 
and density. from which folio\\ s the emission-line spectriim. Also calculated are the continuum r d i a t i o n  processes: 
io t i  -e 1 ec t ro n hire ins s t ra h I u n g . tu  o- p ho t o t i  dec ;I y . a nd imd i ;i t i ve I-eco m hi n at i o t i .  De t a i I ed d ;I ta fo  I- the e I e in e 11 t s 

hydrogen. helium. carbon, nitrogen. oxygen. neon. magnesium. silicon. sulfur. argon. calcium. and iron at-e 
mandatory I n  ordei- to generate a reasonahle model spectrum of a typical celestial X-ray source. Of somewhat less 
importance. hut required t o  a c h i s x  completeness. ai-e data for  the elements sodium. aluminum, and nickel. For each 
element. every charze state w i t h  hound electt-ons falls within the purview of a complete SSC. givin? ;I total of I79 
ions. 

Model-n SSCs are not "hard\\ ired" to  use a particulur set of atomic data. Rather. they access datahases that ai-e 

modulai- i n  design: as improved atomic data become availahle, the ohwlete data are simply replaced. requiring n o  
explicit modifications to the SSC. Data come t o  SSC developers i n  a variety of formats. and come froin a mix o f  
experimental and theoretical n o r k .  Considerahle effoi-t i s  expended in  maintainins farnili;trity with the liter-ature, 
acquiring new atomic data, and reformatting it  i n t o  a form that the SSC can ingest. Thus a division of lahot- has 
evolved: data generators (ma! be a hundred scientists) provide data to SSC developers (a few scientists). who 
f : ' acil itate access to atomic data for users (thousands of scientists). This division is not strictly adhered to. of course. 

hut i t  adequately represents the "culture" of X-ray astronomy. 

3. TllE LXSS PROJECT 

I n  the early 90s. coming i n t o  the field primarily as ohservers and modelei-s. we hegan also to play the role of 

generatoi-s of  atomic data to >e\  era1 of the major SSC development groups. Slou turnaround times and cluality 
control i ssues surfaced :IS pi-ohltms. ho\\.e\w. Mol-cover. although we were i n  the hahit o f  I-egulai-ly generating 

stLite-of-the-art atomic model<;. the? were ustially designed lOr ;I specific prohlem. and lacked generality. \?.'e ~ e t - c  

1el.t \\ i t h  ;I large noti-uniform. unn ielclly datahasc. unsuit;thle li)r astt-ophysic:il data an:ilysi\. These \ ;ii-ious f'iictors 
led us t o  the conclu'rion that t ' u r  interests could he hettcr  served hy consti-iicting our ( I \ \  11 SSC'. Out- team has 
signific.ant o\ et-lap it11 all thi-?s groups delineated :hove:  ;IS ol,ser\lers/analysts. \\.e ai-e fainili:ir \\ i t h  the clesirecl 

scope and functions of  SSCs ;I\ dirtit genetatoi-s. we can i issemhle ;I highly-customired database m c l  itiil'ose our- 
o ~ v n  s t a n c l u d s  o f  cltialit): a s  SSC Jt\elopei->.  w e  arc d d c  to design ;I code that facilitate\ o u r  o u  11 i . e s e ~ c h  x t i \  itics. 



3.1 Construction 

With LDKD funcling \\e hegan w o r k  on the Liverinore X-ray Spectral Syithesizet- (LXSS). The  tasks laid out for its 
\\ ere: 

( I generation ot the Ixtlk of the :itomic clat:il~asc using LLNL computer coclcs 
( 2 )  compilntioti. critical ;issesstnetit. and incorpoi-ation o f  atomic data that cannot he generated at 

( 3 )  design o f  ;I user interface that  will allow t-apid manipulation o f  the datahase 
I-1.NL i n  ;I timely mmne i -  

3.1. I Coilisiotitrllv loiiircd Pltroi icr~ 

A large 1 u r t  of the datahast: has heen generated using the HULLXC (Hebrew Uni\,ersity/l-a\\~r-ence Livermore 
Atomic Code) suite. HULLAC gives its the means by which t o  quickly generate atomic structure calculations. 
rad i a t i \e and a u t o  i o n i z;i t i  o ti t t-an s i t i o t i  rates. a nci e lec tro t i  -i on co 1 I i s i o n  ;I I excitation I-at e coe ffi c i e ti t s . A long with the 
charge state distr-ibutions of- each element at a given temperature. thess constitute the essential components of an 

SSC designed for application to plasnias i n  coronal ionization ecluiliht-ium (CIE). I n  fact, most of the "production" 
codes are designed for this etivirotiment. Coronal ionization equilibrium applies t o  stellar coronae. clusters of 

galaxies. ntid prohahly interstellar media. The shocked pas in  supernm a remnants may he i n  ;\ transient phase of 

ionization disequilihrium. hut the level population kinetics is much the same ;IS i n  CIE. LXSS includes a differential 
ecluation sol\.er that determines the charge state distribution as a function of time under transient conditions. 

, 



Tile other important o f io 11 i zat io n d y 11 am ic s is photo ion I zat i 0 n equ i I i hri ti ni . in  w h i c h photons . r;i t h e r than 
electrons. ui-e primarily responsible foi- ionizing atoms. I n  photoionized gas. the chxge  slate fractioii of ;I f iven ion 
pe;iks at a temperature that i s  mtich lower than i r i  CIE. Radiative and dielectronic recoinhination dominate the level 
population kinetics i r i  ;I photoionircd :a\. I n  addition to those l is ted i n  $3 .  I .  1. tlie essenti;il atomic physics 
i 11 g 1-ed i e 11 t s to I these ca I c II I ;I t i o n s ~ i - e  phot oi o ii i %;I t i o n c ross- sec t io 11 s. w 11 ic h pel-m i t the c ;I I c ti 1 ;it i o n  of i-;id i a t i \ e 
recornhination crosh-sections from ;I detailed halance relationship. We have constructed atomic and spectral moclels 
appropriate f o r  th is  regime. and included them i n  LXSS. \vhich makes LXSS unique with respect t ( i  other SSCs. 

W h i l e  i t  is true that the class of cocles called pliotoionization codes include recornhination spectral modelh. the 
LXSS models are the current state-of-the-art. Photoionization equilibrium applies to quasars. Seyfert &ixies. and 
X-iay hin : I  I .' ies. 

6 8 10 12 14 I6 1s 
i. ta, 

5 J  

4 log = 2 5 
I XPN Fe 

A h = 0 0 5 A  



I .  I he ahility to generLite the v;ist m;!jority of the required atomic data o t 1 1 - 5 e l ~ s  gives 11s sevei-al adui i tages over other 

S S C  groups. Fot- example. we choose tlie atomic model size and the pli> s ic id  parameter sixice over which i t  val idly 

opet-ateh. rathei- than heiiig foi-ced to setltle for what i s  availahle in t l ie l i terature. Since we can create and format 

atomic d;ita riitich mor-e rapidly than  t h e  community of Fenerators. lag tirnc3 :ire mucli shorter. 

Feature 

'I'ABIX 1 Atomic physic.; and inodeling options contained in  LXSS clas>ifiecl accorclinz to origin 

Internal 
Sources 

photoionization cross-sections 

electron-ion impact cross-sections 

proton-ion impact cross-section 

Sources 

J 

J 

J 

atomic atructure I 

bremsstrahlung continuum 

radiative recombination continuum 

J 

J 

J 

I radiative transition rates J 

I two-photon transition rates J 

I autoionization rates I J  I 

collisional ionization rates J 

dielectronic recombination rates/satellite spectra J 

charge state distribution J J 

jj-averaging and n-averaging J I  
I line and ion continuum opacity 

I graphical user interface 

J I 
J I 

3.2 Benchmarking 



\\.liere that clata exists. and whei-e i t  i s  i-cliahle. We have benefitted from close coll~thorations \\.it11 exl~erimentnlists 
involved with tokamaks and the Electron Beam I o n  Trap (EUIT) a t  LLNL. :is well ;IS olxei-vers in\.olved with 
orbiting observatories such ;IS the E.\-/wmc U/rr ( iv ;o /c /  E . ~ p [ o r c r  (EU\ /E)  and A SCA. Dat;i acquired with these 
facilities provide suitahle testhecls and standards against w h i c h  to evaluate and impro\ c tlie quality o f  o u r  
calculatioiis. 

Without goins into great cletliil. \\e can say the LXSS models have fared extremely ne11 in c o i i i p x i s o i i s  asainst 
Irthoi-atory data. We h a \ e  f i u i i c f  cases where the omission resonant excitation iii oui- i i iockls  leads to erIoi-s in 
pi-edicted intensities of oi-der .30fk. most noticably i n  the EUV spectral range. Shor-tcomings of this type are 
corrected most easily by supplementing HULLAC data with the results of more exact calculations (see Table I )  
\\,hich use. for example. an K-matrix code. It is worth emphasizing that in the harder X-ray halid (A < 35 A). EBIT 
experiments sho\v that HULLAC (hence. LXSS) models pel-form at a high level of accuracy. I n  collahorations with 
p u p s  in England. Holland. :tiid the U.S.. we are applying small wavelength corrections to 0 1 1 1 .  moclels in order to 
conform t o  the highly precise measurements obtained i n  tokamaks. EBIT. the solar corona. and s t e l l a r  coronae 
which are now available. 

3.3 Applications 

Although LXSS has yet t o  be 1-eleased. we are already using models that constitute its i-;i\v ingredients IO analyze and 
interpret spectra from both celestial and terrestrial sources. An appreciation of the scope of these activities can he 
gained through an examination of the titles listed in  Part 5 .  Two highlights: ( I )  Using high-resolution X-ray 
spectroscopy of neon and ai-goii emission from a well-diagnosed magnetically confined furion plasma, i t  was 
demonstrated that resonance enhancement of direct collision rates needs to be taken into account i n  simulating 
transitions bet ween exc i ted ;I tom ic states . This i s cruc i a1 for correct I y i m p le me n t i n g spectroscopic diagnostics of  
local particle transport in tokamaks. u,hich. in  turn. is required i n  order to understand the o\erall energy balance 
inside the plasma. ( 2 )  I n  X-ray astronomy. we have ohtained, for the first time. a hroad hand spectral fit to the 
discrete X-I-ay spectrum of a neiitroii star X-ray binary using a spectral model hiised on actual atomic physics. rather 
than an arbitrarily adjustable empii-ical model. This has allowed us to derive physical constraints of the accretion 
flow in  the high-mass X-ray pulsar Vela X- 1 .  Sirice the LXSS project was begun prior to the hunches of  Clitrriclrri 
and XMM. t h e  primary scientific di-ivers for this project. the most exciting applications are yet to come. 

4. OUTLOOK 
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